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Abstract 
Passive system is widely used in new generation nuclear power plant (NPP) such as AP1000 and high-temperature 
gas-cooled reactor in order to improve the safety of NPP. Since system operation relies on natural force, and both the 
driven force and resistance are influenced by many uncertain factors, physical process failure becomes one of the 
significant contributors to the system operation failure, which need to be considered in system reliability.  For system 
physical process failure analysis, the thermal-hydraulic (T-H) model should be established to describe the system 
performance, namely the system can operate successfully or not. And the T-H model should be fast enough to be used 
in the system reliability analysis,  
In this paper, the T-H model of passive residual heat removal system (PRHR) in the AP1000 for analysing the 
system reliability is described. The accuracy and the validity of the model have been proved by comparing the results 
with the requirements of AP1000 design. Finally, the connection between residual power and flow rate in AP1000 
PRHRS is analysed. 
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1. Introduction 
The passive system is potentially more reliable than the traditional active system for the utilization of 
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natural physical principles which can improve the safety of nuclear power plant [1]. When the reactor is 
under abnormal condition, passive system takes effect depending on inherent safety characters rather than 
human operation and support of outside power such as electric energy. So the passive system with the 
characters of the simplicity of structure, unattended operation and avoidance of equipment trouble plays a 
crucial role in the new generation NPP such as AP1000 [2] and high-temperature gas-cooled reactor [3]. 
For active system reliability, the system operation relies on outside power, the physical process will 
hardly fail when the active devices are well [4]. However since passive system operation depends on 
natural circulation, and both the driven force and resistance are influenced by many uncertain factors, 
physical process failure [5,6] induced by physical or structure parameters departed from the design values 
become one of the important contributors to system failure, so both component failure and physical 
process failure should be taken into consideration in passive system reliability analysis. 
Actually, the function of the system can be impaired by deviations in the natural forces and in the 
conditions of the potential physical laws from the expected ones due to the onset of physical phenomenon 
violating the system performance or to the change in initial condition [7]. So obviously, the physical 
process failure which mainly determined by thermal-hydraulic model should be research in depth to 
accomplish the assessment of system reliability. 
For evaluating the physical process failure probability, some methods such as Monte Carlo (MC) 
simulation [3], line sampling [6], Markov Chain Monte-Carlo simulation [8] are developed. For the 
methods above, the thermal-hydraulic (T-H) model should be established to describe the system 
performance, namely the system can operate successfully or not, and the T-H model should be fast 
enough to be used in the system reliability analysis. 
However seldom efforts has been paid to T-H code of the passive residual heat removal. Westinghouse 
developed a one-dimensional, general network code NOTRUMP consisting of a number of advanced 
features to assess the transient behavior and safety margin of AP600 and AP1000 [9]. And it is prevailing 
to analyze T-H properties by the large commercial codes RELAP5 and TRAC [10]. Unfortunately due to 
the unbearable computation time and the to-be-exploited interface between the T-H software and the 
probability codes the above mentioned codes and software can hardly be used directly in system 
reliability analysis.   
 
Nomenclature 
 
tc  the critical temperature 
to the outlet temperature 
tu the undercooling  
tio the temperature difference between inlet and oulet of the core 
 the density difference 
 W the residual heat power 
Cp specific heat at constant pressure  
 the Thickness of the IRWST HX pipe wall 
 
In this paper a thermal-hydraulic model is developed to satisfy the system reliability analysis 
requirement of simplicity, high speed and accuracy. Due to the uncertain relationship between mass flow 
 Yu Liu and Yu Yu /  Energy Procedia  39 ( 2013 )  283 – 293 285
rate and the temperature differences the natural circulation is calculated through iteration. To tackle the 
problem of time-consuming iteration the bisection method which is simple but effective in numerical 
analysis is adopted to finding the balance of mass flow rate and the temperature difference to validate the 
state of circulation. Because some design parameters for AP1000 are proprietary and obtained by rational 
hypothesis, trial-and-error approach has to be used although it requires considerable time and effort to 
reach a desired steady-state condition by adjusting various input data. The results of the codes may 
slightly differ from the real situation however this PSA method is validated. Given the design parameters 
this PSA method can be applied with small correction. The results show that this T-H code coincides well 
with the requirements of AP1000 design [9]. 
2. Passive residual heat removal 
The AP1000 passive safety system mainly consists of passive core cooling system (PXS) and passive 
containment cooling system (PCS). The passive core cooling system can be divided into three parts: 
passive residual heat removal system, passive safety injection system (PSIS) and automatic 
depressurization system (ADS) which provide core decay heat removal, safety injection cooling and RCS 
depressurization respectively. All these systems of PXS combine together to protect the AP1000 power 
plant against leakage and break of various sizes and locations. The analysis for the passive containment 
cooling system may simplify because it works under a long-term cooling process so more attention is paid 
to the other systems.  
The passive residual heat removal heat exchanger (PRHR HX) is designed to operate depends on 
reliable passive components and processes such as gravity effect and natural circulation rather than the 
active equipment such as pumps and AC power sources. It is the main component of PRHRS and is 
immersed in the in-containment refueling water storage tank (IRWST) acting as heat sink. The PRHR HX 
consisting of C-shaped tube bundle aims at removing core decay heat from the Reactor Cooling System 
(RCS) for certain postulated accident events where a loss of cooling capacity via the steam generators 
occurs [11]. 
The PRHR HX connects through inlet ad outlet lines to RCS loop 1. The PRHR HX protects the plant 
against transients that upset the normal steam generator feedwater and steam systems. It satisfies the 
safety criteria for loss of feedwater, feedwater line breaks, and steam line breaks. The PRHR HX is 
located above the RCS to provide sufficient inlet and outlet pressure difference which drives the RCS 
coolant to flow from one hot leg, through the PRHR HX, and back into its associated steam generator 
outlet plenum and cold legs. Once the signal is generated, the PRHR HX is actuated. And the residual 
heat is transferred to the IRWST by free convection and boiling on outer wall of the heat transfer tubes 
[12]. 
For AP1000 which is the upgrade version of AP600 a few changes are made to make the passive 
system more reliable. The PRHR HX horizontal tube parts were a little longer and a few tubes were added 
to the existing AP600 PRHR HX tube sheet. PRHR piping was made larger as well. The IRWST provides 
the heat sink for the PRHR HX. The IRWST water absorbs decay heat for more than one hour before the 
water begins to boil. Once boiling starts, steam passes to the containment. The steam condenses on the 
steel containment vessel and after collection, drains by gravity it return to the IRWST. The PRHR HX 
and the passive containment cooling system remove the decay heat with no operator action required 
however the decay heat removal capability is remain to be investigated.  
3. the Thermal-hydraulic Model 
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This model is used for assessment the reliability of PRHR with the different parameters like the 
residual heat power, the temperature and flow rate of water condenses from the containment, the 
coefficient of the roughness of the pipe. With adjustable parameters different possible configurations can 
be evaluate with this T-H code. 
3.1. the Hypothesis of the Model 
 
To build the T-H code as simple as possible appropriate hypothesis has to be made. Simplification can 
be achieve by assuming that the water temperature on the top surface in the IRWST has reached the 
saturated temperature and the system can remove all the residual heat which will be testified if it is the 
real situation. And assumption has be made that the heat transfer mainly happen at the core and the 
IRWST heat exchanger or put it more clear, no energy loss happen in the pipe  line.  
 
Fig. 1. Schematic diagram of PRHR system 
3.2. the Description of the Model 
As the residual heat removal system mainly relies on natural force which is usually derived by iteration 
the conventional calculation model can be quite time-consuming. In our model, the complex thermo-
hydraulic process is simplified to accelerate the calculation which will shorten the time of conducting the 
probabilistic safety analysis (PSA). 
From the engineering experience, when outlet water temperature of the reactor core exceeds the 
critical temperature of cooling water, local boiling may happen which can worsen the thermal 
transmission, so the system safety criteria is defined as the undercooling, in other words, the difference 
between the critical temperature and the outlet water temperature, namely 
 cu ot t t    (1) 
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This means in order to make sure if the passive system is working in good condition the outlet 
temperature of the core has to be obtained. Hence the mass flow rate of natural circulation in the pipes 
must be acquired. However, the establishment of natural circulation is determined by the driving pressure 
which is associated with the density difference between the inlet and the outlet. Unfortunately, the density 
is influenced by the temperature which means that there is no fixed function to indicate the relationship 
between the temperature and the flow rate. This leads the calculation of the natural circulation has to be 
derived by iteration. As a result, the PSA of the passive system is usually time-consuming or even 
unrealistic if the program is not simplified. This thesis focuses on building a simplified model which 
helps figure out the reliability of the IRWST with high accuracy. 
The mainly calculation process of the model is in following steps in flowchart given below. The detail 
information is explained in following steps. 
 
Fig. 2. The flowchart of the thermal-hydraulic program 
(1) Input the initial value of the parameters to be assessed. 
(2) Choose a temperature difference of the inlet and outlet ( tio) according to the last calculating results. 
The initial value can be assign as the designed value for that this initial value will slightly influence 
the results by iteration.  Then get the mass flow rate Gw by the following formula. 
 / /w io pwG W t C  (2) 
(3) Obtain the fluid velocity in different section of pipes and heat exchanger according to the diameter 
of the design value and the Gw. 
(4) Calculate the Reynolds number and Nusselt number inside the heat exchanger. When the Reynolds 
number is less than 2300 namely in laminar flow, the Nusselt number can be regarded as a constant 
3.66  on condition that the pipe wall temperature is a constant and the length of the pipe is much 
longer than the length of entrance region which could be met in practical engineer experience [13]. 
The heat transfer coefficient h yields formula 3 where  is the thermal conductivity. When the 
Reynolds number is larger than 2300 namely in turbulent flow, Dittus-Boelter Formula [14] is 
adopted.  
Start 
Input the initial parameters to be assessed 
 
Calculate the system temperatures and  
Calculate the resistance 
Choose appropriate tio 
N 
The result 
Y 
Natural convection 
established? 
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 /eNu hD  (3) 
 
0.8 0.30.023Re PrNu   (4) 
(5) Calculate heat-transfer coefficient outside of heat exchanger. Outside the tube the water in IRWST 
is heated by the heat exchangers so we adopt nucleate boiling model by Rohsenow [15]. 
 
1/3
Pr ( )
pl x
wls
fg l l fg l v
c T qC
h h g
  (5)  
In the above formula the relationship between q and Tx is unknown. However, it can be attained by 
the tube heat transfer model. Owing to the thickness of the tube is much smaller than its diameter we 
regard the heat-transfer tube as a plain plate. The simplified model yields 
 
1
1 2
2
( )
( ) /
( )
( )
i i w
o o a
w a
Ah t t
A t t
A h t t
AU t t
 (6) 
And the equation group 6 and the equation 5 can be deduced to a simple cubic equation with the 
variable q. Finally heat-transfer coefficient can be get by hin = q/ t where t is the temperature difference 
between the water and the wall inside the tube. 
(6) Get the oulet temperature of the core. First of all calculate the thermal resistance by the following 
formula deduced from equation group 6. 
 
1
1 1i
i o
U
h h
 (7) 
In the IRWST water moves by the natural force however on account of thermal stratification the water 
temperature at the bottom tends to be lower than the water surface. We simply reckon the IRWST HX as 
the shell-and-tube heat exchanger at the form of a counter flow. With thermal resistance Ui got from 
equation 7, the mean temperature difference takes the form 
 m
i i
WT
AU NF
 (8) 
where F  is the correction factor according to Reference [16] and N is the number of the heat 
exchanger tubes. The water temperature of the outlet of core can be attained by solving the equation of 
logarithmic mean temperature difference shown in formula 9. 
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 (9) 
(7) Calculate the driving head. 
With above mentioned method, given the temperature difference of the system inside the water 
temperature in the hot-leg and the cold-leg can be attained. However the temperature difference choosing 
in Step 2 may fail to the requirements of natural circulation. So, many temperature difference values have 
to be tested until it satisfies the natural circulation.  
The natural circulation is established once the driving head balances the resistance. The driving head 
supplies driving force for the natural circulation. The thermal driving head can be written as 
 ( )d c hp gH   (10) 
where  is the density of temperature while the subscript c and h refer to  coldleg and hotleg. H is the 
vertical elevation from the inlet node of IRWST to the main lines of RCS. 
(8) Figure out the resistance. 
The resistance also called pressure drop consists of friction, acceleration and local pressure drop. The 
friction pressure drop can be obtained by famous Darcy-Weisbach equation shown below according to 
basic knowledge of Fluid Mechanics. 
 
2
2f e
L vp f
D
 (11) 
where f  is the friction coefficient which is some function of Reynolds number, De the equivalent 
diameter and L the length of the pipe. If the Re is less than 2000, namely in laminar flow we may use 
Equation 12 to get the f. If 2000< Re<4000 f in which situation the flow can be regarded as the transition 
between laminar flow and turbulence flow f can be expressed as equation 13 by Blasius [17]. If Re is 
greater than 4000 which means the flow can be classified into turbulence flow f can be expressed in 
Equation 14  by Colebrook [18]. However, all the above equations have to satisfy Re<3500/(e/D), where 
e is the absolute roughness and D is the diameter of the pipe. Otherwise the flow is classified to fully-
rough-pipe flow so f is given as Equation 15 by Von Kármán [19].  
 64 / Ref  (12) 
 0.25
0.316
Re
f  (13) 
 
1 Re1.8log( )
6.9f
 (14) 
 
1 3.74log( )+2.28
/e Df
 (15) 
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The acceleration pressure drop can be expressed as below. However, the density difference of liquid is 
not so distinguishing so that the accelerate pressure drop is insignificant. 
 2
2 1
1 1( )ap G  (16) 
The loss of pressure by bends, elbows, pipe fittings, pipe contraction and expansion are called minor 
losses. They can be expressed as 
 
2
2m
kVp  (17) 
where V is the velocity in a pipe of the nominal size and the k is the loss coefficient for each case. 
The circulation pipes of PRHR System can be briefly divided into 6 parts, namely, pipe of PRHR in 
hotleg, pipe of PRHR in coldleg, pipe of main pipe in hotleg, pipe of main pipe in coldleg, the IRWST 
HX tube, the reactor core. All minor losses in these parts should be calculated separately for the different 
water temperature and the different diameters of the pipes. The coefficient of valve can be found in the 
reference. 
(9) Validate the natural circulation. 
Knowing all pressure drops we can check whether 
 d f mp p p  (18) 
Once Equation 18 is true the natural circulation is established, otherwise, we have to change the 
temperature difference in Step (2) and take iteration until it satisfies equation 18. 
3.3. The discussion of the methodology of the iteration 
With the appropriate methodology of the selecting tio desired mass flow rate and the outlet 
undercooling can be obtained. The basic means of selection is that choose the tio from zero. Increase the 
value of tio once the calculation result dissatisfies equation 18. With numerous times of iteration the 
results will finally meets the requirements if only the increase of tio in value is not too much. However 
this method may lead to thousands of times of iteration which is definitely unrealistic for taking too much 
time for PSA. 
To accelerate the speed of finding the appropriate temperature difference, Newton method is adopted 
to find the target value. Newton method is a typical method to extract the root for nonlinear equation. 
First determine a sketch interval including the root. Then find the function value of intermediate point in 
the interval and compare the function sign with the three points. The root must lie between the two points 
whose signs are opposite. And then find the middle point of the interval. Do the same as before. To apply 
this method, the temperature difference acts as the root, the complex process of validation of natural 
circulation acts as the equation. The convergence speed of Newton method is much faster than the 
conventional method. In our model the interval is 0 to 2000 which means if the desired precision is 0.1 
Celsius degree only 15 times of iteration is required compared with 20000 times by conventional method. 
This will definitely help improve the efficiency of the PSA make it accessible to do enormous amount 
statistical analysis. 
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3.4. Confirmation of the model 
As the AP1000 design control document requires the PRHR heat exchanger and the in-containment 
refueling water storage tank are designed to delay significant steam release to the containment for at least 
one hour. In hour model the results fit well with the requirements and the relationship between residual 
heat rate and the undercooling in outlet of core is shown in the graph below. 
 
Fig. 3. The relationship between outlet undercooling of core and the residue heat power 
The horizontal axis is the relative heat power comparing with normal operation power while the 
vertical axis is the outlet undercooling of the core. Obviously from the declined curve verifies the fact that 
the outlet temperature of the core rise with the increase of heat power. This graph indicates when the 
residual heat power rate surpass 3.7% the outlet undercooling of core is negative. It means the water 
temperature exceed the saturated temperature, in other words, local boiling may emerge at this condition. 
When the residual heat power rate is less than 3.5% the passive residual removal system can bring the 
heat to the heat trap safely. An important fact is that the undercooling is the nonlinear function of heat 
power. 
When the power plant is shutdown the residual heat power expressed as  
 0
( ) ( )
(0) 200
a aslN t A t t t
N
 (19) 
where Nsl is the decay power of the fission product, N(0) is the power when the reactor has run for t0 
seconds. The coefficient A and a can be find in the Table 1 [20]. 
Fig 4(a) is drawn to illustrate the relationship between residual heat power and the time after reactor 
shutdown. The discontinuous point of the curve is due to the piecewise parameter given in table.  
As is shown in Fig. 4 (b), the residual heat power is about 1.207% of the normal operation power one 
hour after reactor shutdown. In accordance with Fig.3 the undercooling is still a positive number at this 
power which means local boiling will not happen and the safety the PRHR can be assured.  
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Table 1. The values of coefficient A and a  
Time / s A a 
10 - 1.5 102 15.31 0.1807 
1.5 102 - 4 106 26.02 0.2834 
4 106 - 2 108 53.18 0.3350 
 
 
Fig. 4. (a) The relationship between residual heat power and time after shutdown; (b) The relationship between the mass flow rate 
and the relative heat power 
3.5. Other findings of the model 
The dependency of mass flow rate and the residual heat power can be revealed with the help of the T-
H code. It shows that a positive correlation has been found between the mass flow rate and the residual 
heat power in Fig.4. However as the increase of residual heat power the growth trend of mass flow rate 
slows down. Little effort is required to comprehend this phenomenon. The flow is driving by the density 
difference which is cause be the heat of core so the more heat is released the more density difference is 
derived. One aspect remained to concern is that the friction is the quadratic function of the velocity which 
leads to the influence of resistance becomes remarkable with the rise of the flow rate. This explains why 
the curve becomes more and more flat when the residual heat power increase. 
4. Conclusion 
For the system like AP1000 PRHR few thermal-hydraulic experiment statistic is open to public. And 
the conventional simulation of the passive system requires considerable cost of time. However functional 
reliability analysis of complex structures is still a computationally intensive problem because it inevitably 
requires repeated analysis of system under different possible configurations. This T-H code can validate 
the result of the natural circulation in several seconds for AP1000 PRHRS. This means the probability 
analysis which requires testing various different combinations of parameters can be achieved in a much 
shorter period of time. The accuracy and the validity of the model have been proved by comparing the 
results with the requirements of AP1000 Design Control Document and other fact.  
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By sampling the different heat power of the model, a nonlinear association has been found between 
heat power and flow rate in AP1000 PRHRS. This also proves that the system reliability is greatly 
affected by physical process in natural circulation. 
This T-H code can be used for uncertainty analysis in PSA evaluation with advantages of simplicity 
and efficiency. With this code PSA method could give more accurate estimation for accident scenario 
with the consideration of the parameters and the uncertainty in a much shorter time. Fewer margins are 
put into used which leads to higher economic for the construction of NPP.  
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